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By LelandH. Jorgensen

SUMMARY

Tohelpfill.thegapinthelmowledgeof
intermediatebetweenbodiesofrevolutionand
andmomentcharacteristicsforellipticcones
determinedforMachnumbersof1.w and2.94.

aerodynamicsof shapes
flattriangularwings,force
havebeenexperimentally
Ellipticconeshavingcross-

sectionalaxisratiosfrom1 through6 and-withlen–@hsandbasea~–as
equalto circularconesoffinenessratios3.67and5 havebeenstudied
foranglesofbankof0° and90°. Ellipticandcircularconesin conibina-
tionwithtriangularwingsofaspectratios1 and1.5alsohavebeencon-
sidered.Theangle-of-attackrangewasfrom0° toabout16°,andthe
Reynoldsnumberwas8x106,basedonmodellength.Inadditionto the
f’orcesandmomentsat angleofattack,pressuredistributionsforelliptic
conesat zeroangleofattackhavebeendetermined.

Theresultsofthisinvestigationindicatethattherearedistinct
aerodynamicadmtages to theuseofelMpticcones.Withtheirmajor
cross-sectionalaxeshorizontal,theydevelopgreaterliftandhavehigher
lift-dragratiosthancircularconesoftheseinefinenessratioandvolume.
In combinationwithtriangularwhgs oflowaspectmtio,theyalsodevelop
higherlift-dragratiosthancircularconeswiththessmewings.For
wtigedellipticcones,thisincreaseinlift-dragratioresultsbothfrom
lowerzero-liftdraganddragduetolift.Visual-flowstutiesindicate
that,becauseofbetterstreamlininginthecrossflowplane,vortexflow
is inhibitedmoreforan ellipticconewithmajoraxisintheplaneofthe
wingthanfora circularconewiththesamewing. As a result,vortex
dragresultingfromliftis reduced.ShSftsin centerofpressurewith
changesinangleofattackandMachnumberaresmallandaboutthesame
as forcircularcones.

Comparisonsoftheoreticalandexperimentalforceandmamentcharac-
teristicsforeUipticconesindicatethatsimplelinearized(flatplate)
wingtheoryisgenerallyad.eqyateevenforrelativelythickcones.Zero-
liftpressuredistributionsanddragcanbe computedusingVanDyke’s
second-orderslender-bodytheory.Forwingedcircularcones,a modifica-
tionoftheslender-bcdytheoryofNACARep.962resultsin goodagreement
of theorywithe~eriment.
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Varioustheoreticalstudieshaveindicatedthatimp+mtantaerodynamic
advantagescanresultfromtheuseofellipticinsteadof circularcones
forflightat supersonicspeeds.At zeroangleofattack,thepressure
dragofa coneof givenlengthandbaseareadecreasesasthecrosssec-
tionischaugedfromcirculartoflatelliptical(refs.1 to 4). At angle
ofattick,theorypredictsthatelXpticconesproducelarge~ins inlift
andlift-dragratiocomparedto circularcones(refs.1, ~,and6).

—

Althoughthereisa modemteamountoftheoreticalinformationap-@i-
cabletoellipticcones(particularlyforthecaseof zeroincidence),
relativelylittleexperimentaldatahavebeenobtained.Exceptforsome
pressure-distributiondatainreferences7 and8,allofthe
mentalresultshavebeenpresentedbyRogersandBerry(ref.
Machnumberof1.41,theyhavestudiedpressure-distribution
datafora seriesof relativelyflatwinglikeellipticcones
ofmajor-to-minorsxesbetweenS.4and23.1.
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Inordertoprovideinformationformorelodylikeshapes,thepresent
experimentalinvestigationwasperformed.Theaerodynamiccharacteristics
ofa familyofellipticconeshavingratiosofmajor-to-minorsxesbetween
1 and6 weremeasured.Alsoincludedinthisinvestigationisa studyof
theeffectsofaddingtriangularwingsto circularandellipticconesof
givenlengthandbasearea. Thetestsweremadeforl!achnumbersof1.97
and2.94. Thepurposeofthepresentreportistodiscusstheresulting
aerodymudcdataandtocomparetheoreticalandexperimentalresults.

SYMBOLS

4s2
aspectratio,—Aw

baseareaofcone,yrab

plan-formareaofcone

totalwingplan-formarea(includingthepartwithinthebody)

semimaJoraxisofellipticcone

semiminoraxisofellipticcone

~a2cos2@+ b2sinz@

crossfluwdragcoefficientof cylinder

s“

c

u

“
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cLBl

cm

%B2

Cp

D

d

E

z

L

-g cmfficimt’G%
dragcoefficientat zerolift

liftcoefficient,—
;b

liftcoefficientforbasiccircularcone

pitchingmomentpitching-momentcoefficientaboutbaseof cone,
%#bZ

pitching-momentcoefficientaboutbaseofbasiccircularcone

P-l?m
pressurecoefficient,~ m
drag

diameterofconeatbase

completeelliptic

lengthof cone

lift

maximumlift-drag

naximumlift-drag

Mm free-stream

Pm free-stream

qm free-stream

integralof secondkind

ratio

ratioforbasiccircularcone

Machnumber

staticpressure

-c yressure

s wingsemispan,measuredfrombodycenterline

X,y,z Cartesiancoordinatesas shownInfigure1

Xp centerofTressuremeasuredfrcmconevertex

Ys halfthedistancebetweenflowseparationlinesontheconeat
thebase

Yv half’thetistancebetweenvortextm%cesontheconeat thebase
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angleofattackmeasuredbetweenbodylongitudinalaxisand
free-streamdirection(seefig.1)

m

wingsemiapexangle

anglemeasuredaroundbaseellipsefra horizontalbaseaxis
toflowseparationlineoncone

anglemeasuredaroundbaseellipsefromhorizontalbaseaxis
tovortextraceon cone

modificationfactortotakeaccountoffinitewingaspectratios

angleofbszkaboutbodylongitudinalaxis(seefig.1}

Thepositivedirectionsoftheanglesandcoefficientsareshownin “
figure1.

APMRATUSANDTEEY15

WindTunnels

&
TheexperimentalinvestigationwasconductedintheAmes1-by 3-foot

supersonicwindtunnelsno.1 andno.2. Tunnelno.1 isa closed-circuit,
continuous-operationtypeandisequippedwitha“fkxible-platenozzlethat

b

yrovidesa variationofMachnumberfram1.4to4.0. TheReynoldsnumber
is changedbyvaryingthetotalpressurewithintheapprmdmatelimitsof
l/5ofsmatmosphereto4 atmospheres.!!hnnelno.2 isa nonreturn,
intermittent-operationtypeandisalsoequippedwitha flexible-plate
nozzlethatprovidesa variationof~ch numb-erfrom1.4to3.8. Airfor
thistunnelisobtainedfromtheAmes12-footwindtunnelata pressureof
about6 atmospheresad isexpandedthroughthenozzletotheatmosphere.
ChangesinReynoldsnumberareobtainedby varyingthetotalyressure.

Exceptforvapor-screentests,thewatercontentoftheairinthe
1-by 3-footwindtunnelsisnmintainedat lessthan0.~3 poundofwater
perpoundofdryair. Consequently,theeffectofhumitityontheflowis
negligible.

Models

Plan-fozzaandendviewsofthemodelsstudiedareshowninfigure2.
Threeelliptic-conebodies(Ba,B3,andB4)with a/b ratiosof1.5,3,
and6 hadthesamelengthandbaseareaas thebasiccircularcone(Bl).



Hence,thefinenessmtio of Z/d= 3.67forthecirctirconewasaJ.so
theequivalentfinenessratiofortheseellipticcones.In orderto check
theeffectoffinenessratioontheaerodynamiccha~cteristics,anaddi-
tionalellipticconebody(~) withan a/b ratioof1.5amda fineness
ratioof 5 wasalsostudied.

h additiontobeingtestedalone,bodiesBl (a/b=1, Z/d=3.67)
and B~ (a

?
= 3, Z/d= 3.67)werealsotestedtithtriangularwhgs

(WlandW2 Qfaspectratioland l.~. Withthermjorcross-sectional
axis(a)ofbody B~ mountedhorizontallyinlinewiththewings,the
configurationsaredesignatedas BaW1 andBaW2. Withthemajoraxis
of B~ verticalto thewings,theconfigurationsaredesignatedas
B#= ad BWW2. Thewingsectionswereflatplateswithleadingand
trailingedgesbeveledas showninfi~e 2.

Allofthemciielswerestingsupportedfromtherear.BodiesB~
andB4 hadpressureorificesdistributedoverthesurfacesamdwere
adaptableforbothforceandpressure-distributiontests.

Tests

Forceandpressure-distributiontests.-Forcedatawereobtainedin
tunnelna.2 forallthemciielsat free-streamMachnumbersof1.97and
2.94. ‘l?heReynoldsmmiber,whichwaswintainedconstantforalltests,
-s &U06 basedonbodyZen@h. Wasurementsoflift,drag,andpitching
momentweretakenforan~es ofattackfrom0°toabout16°. Theelliptic-
conebodiesweretestedatanglesofbankof0°and90°(i.e.,for @ =
0° and90°as showninfig.1). Thewingedellipticconesweretested
onlywiththeirwingsat @ . OO. Basepressuresfromeightorifices
spacedaroundtheinsidecfthebaseperipheryofeachbodyweremeasured
by photographicrecozflingfroma multiple-tubemanometerboard.

Pressure-distributiondatawereobtainedintunnelno.1 forbodies
B~ amdB4 at zeroangleofattackandMachnumberl.~. Thesurface
pressuresweremeasuredby photographicrecord3ngfroma multiple-tube
manometersystem.Therepeatabilityofbothforceandpressure
measurementswascheckedby makingrerunsforseveticonfigurations.

Vapor-screentests.-Tomakethevorticesshedfromthemodelsat
angleofattackvisible,the%apo~sc~~f n&hc.d(ref.10)WIW US&L.
Withthistechnique,watervaporisaddedtothetunnelairstream.This
watervaporcondensesinthewind-tunneltestsectiontoproducea fine
fog. A narrowsheetofbrightlight,producedby high-intensitymercuqp
vaporlamps,isprojectedthroughthetunnelwindowina planeperpendicu-
lartothemodellongitudinalaxis. Thisplaneoflightappearsasa
uniformlylightedscreenoffogparticlesh theabsenceofa model.How-
ever,witha modelinthestream,theflowaboutthemodeltifectsthe
lightscatteredby thewaterparticles,andvorticesshedfromthemodel
arevisibleas darkspots. ●
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Vapor-screentestsweremadeintunnelno,1 forvariousmodelsat
Mch number1.97anda Reynoldsnumberof ~“06. Withthemodelsat
severalanglesofattack,thevortexpatternswerephotographedwitha
cameramountedinsidethewindtunnel9 inchesdownstreamfromthebase
ofthemodels.

Sublimationtests.-Anothermethodofflowvisualizationthatwas
usedwasthesublimationtechnique(ref.11)fordeterminingboundary-
layertransition,flowseparation,andvortextracesonthesurfacesof
themodels.me modelsofthisinvestigation,whichwereinitially
paintedblack,weresprayedwitha J-percentsolutionofacenaphthenein
petroleumether.Thissolutiondrieson contactwiththemodelsurface
andpresentsa whiteappearance.Thewindtuimelisopetited,andas the
processof sublimationtakesplacewiththe’—~elinthetunnel,evidences
ofboundary-layertransition,separation,andvortexflowappearonthe
model.Regionsofhighsurfaceshear,suchasturbulentboundarylayers
andvortextraces,showup asdarkareas,whereasregionsoflamfnarflow
andseparationremainwhite.Allsublimationtestsweremadeintunnel
no.1 atMachnumber1.97.

REDUCTIONANDACCURACYOFDATA

Allofthepressure-distribution,force,andmomentdatahavebeen
reducedto coefficientformandarereferredtothecoordinatesystem B
showninfigure1. Thebasedragwascomputedusingtheaveragebase
pressureandwassubtractedfromthetotal~ial-forcebalancemeasure:
ment,sothatthedatapresentedareforfor&esaheadofthebodybase. b

Theaccuracyofthefinaldataisaffectedby uncertaintiesinthe
measurementofthepressures,forces,andmoments,andinthedetermina-
tionofthestreamstaticad dynsmicpressuresusedinreducingthedata
to coefficientform. Theseindividualuncertaintiesledto estimatid
uncertaintieswhicharelistedinthefo310wingtible:

k!oefficientUncertaint~
Cp m.004
CL k.02
CD *.004

5.02
at k.02

.

Thevalues of angleofattackareestimtedtobe accuratetowithin
&O.lO.Thevariationof thefree-streamlla~hnumberintheregionofthe
testmodelswaslessthsmM.01 atMachnumber1.97andlessthanM.02

~–

atlkchnuniber2.94.

w
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RESULTSANDDISCUSSION

Thissectionofthereportisdividedintothreeparts: (1)experi-
mentalforceandmomentcharacteristics;(2)comparisonsoftheoretical
andexperimentalpressuredistributions,forces,andmoments;and(3)
visualobservationsof theflowovervariousmodels.Theexperimental
forceandmomentcharacteristicsarepresentediil figures3 through9;
comparisonsoftheoryandexperimentarepresentedinfigures10 through
17;andphotographsandmeasurementsfromthevisual-flowstudiesare
presentedinfigures18 through22.

ExperimentalForceandMomentCharacteristics

Effectofaxisratio(a/b).-Theeffectofchangeincross-sectional
axisratio(a/b)ontheaerodynamiccharacteristicsoftheelliptic.cones. .
.offinenessratio3.67ispresentedinfigures3 and4 forMachnumbers
1.97and2.94.Plan-formandend-viewsketchesof themodelstestedare
usedto identifyeachcurve. Forthemodelsbanked90°thecurvesare
labeled@ = 9°, whereasforthemodelsat zerobankthecurvesare
uhlabeled,a pmcticefollowedthroughoutthereport.Fortheelliptic
conesoffigures3 and4 thelengthsandbaseareasareconstant;hence

* increasesin a/b resultinincreasesinplan-formareawiththemajor
axis,a, horizontal(@= 0°)anddecreasesinplan-formareawiththe
majorwd.svertical(@= 900). Inviewofthisfact,itisnotsurpris-

ti ingthatwithincreasein a/b theliftcoefficients(whicharereferred
tobasearea)increaseappreciablyat allanglesofattackfor @ = 0°
anddecreasefor @ = 90°(figs.3(a)and4(a)). Thequestionarises,
then,ofwhetherornottheaerodymmicefficiencyas determinedby the
lift-dragmtlo canalsobe rarkedlyincreasedbyincreasinga/b. From
figures3(c)and4(c)itisclearthat,at leastthroughouttheangle-of-
attackrangeinvesti@.ted,significantgainsinlift-dragratiocanbe
realizedby increasinga/b from1 to 6. Infact,by merelychanging
a/b from1 to1.5a gaininmaximumL/D ofabout25percentresults.
Furthermore,increasinga/b from1 to 3 resultsinabouta 75-percent
increaseinmaximumL/D atMachnumber1.97andinabouta 6@percent
increaseatMachnumber2.94. It isclearthat,in- caseswherea
bodyofgivenvolumeis required,itcanbe aerodynamicallybeneficial
todeviatefroma circularcrosssection.

Theeffectofaxisratioonpitchingmoment-d centerofpressure
is showninfigures3(d),3(e),4(d),and4(e).ForalloftheelMptic
conesthecenterofpressuremovesverylittlewithangleofattack.With
themajoraxishorizontalthecenterofpressurechangeslittlewith a/b* and,as forthecircularcone,is locatedataboutthecentroidof@an-
formareaforbothMachnumbers1.97and2.94. However,withthecones
rotatedto @ = 90°,thecenterofpressuremovesrearwsxxlfromthe.
centroldalpositionwithincreasein a/b froml to6.
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Effectoffinenessratio.-Theeffectot changeinfinenessratioon
theaerodynamiccharacteristicsofellipticconesof a/b= 1.5isillus-
tratedinfigure5. Dataarecomparedforbody B2 of”l~d= 3.67and
body ~ of Z/d= 5 testedatllachnumbers1.97and2.94.Forangles-
ofattacktoabout8°thereislittleeffectoffinenessratioonthelift
(fig.5(a)). At higher~gles,however,theliftcoefficientsaregreater
forthemoreslendercone(B5).Forallvaluesof C!Lthedragcoeffi-
cientsfor B5 wereatleast20percentlowerthanfor B2 (fig.5(b)).
Itisnotsurprising,then,thatan increaseinfinenessratioalso
resultsin substantiallyhighervaluesofms@numlift-dragratio.(See
fig.5(c).)Althoughthelift,drag,andpitching-momentresultswere
affectedby changeinfinenessratio,therewasnoeffectoncenterof
pressure,xp/Z(fig.5(d)).

r

Itis interestingto notethatthereisan effectofMachnumberon
maximumlift-dragratiowhichdependsuponftienessratio.Forbody B2
of Z/d= 3.67themaximumvalueof L/D decreaseswithincreasein~ch
numberfrom1.97to2.94,whereasforbody B5 of Z/d= 5 themaximum
valueof L/D increases(fig.5(c)).

Effectofaxisratio(a/b)andarrangementforwingedellipticcones.-
Forconicalbodiesaloneithasbeenshownthatuseofellipticcross
sectionsresultsin worthwhilegainsinliftandlift-dragratio.It iS
notclear,however,whethersignificantgainsslLsocanbe realizedthrough
theuseofellipticcrosssectionsforwingedconicalbodies.Thetest
resultspresentedinfigures6 through9 demonstratethatimportantaero- ●

dynamicadvantagescanbe obtainedthroughproperarrangementofanellip- .“
ticbodywitha triangularwing. Forinstance,as showninfigures6
and7, gainsinliftandlargegainsinlift-dragratioresultfromusing R
an ellipticbody(a/b= 3)withthemjor axis,a, intheplaneofan
aspectratio1 winginpreferencetoa circularbodywiththesamewing.
(Compareresultsfor B@= andB=WI.) However,withtheellipticb~”- —

rotated90°sothattheminoraxisisintheplaneofthewing(model
BWW=),a lossinlift-dragratioresults.Thegainin L/D for B=WI
andlossin L/D for B

T
~ isprimarilyattributabletodifferences

indrag(figs.6(b)and7 b)). Becauseoflesswettedsurfaceareaand
hencelessskinfriction,B=W1 hasslightlylowerdragat zerolift
thantheotherconfigurations.Withincreaseinlift,B~l stillhas
theleastdrag,butthedifferenceindragbetweenthemodelsincreases,
resultingina significantlyhighervalueofmsxi.mumL/D for B~l
thanfor BIW= or BWW1. Forthessmebodieswitha wingofaspect
ratio1.5insteadof1, thedifferencesbetweenthemaximumlift-drag
mtiosarediminished.(Seefigs.8(c)and9(c).) However,theresults
stillsignificantlyfavora bodyofellipticcrosssectionwiththemajor
sxisintheplaneofthewing. —

Themaximumlift-dragmtioswerehigherfortheellipticconeswith
majoraxesinlinewiththewings,primarilybecausetheyhavelesszero- - w
liftdraganddeveloplessdragduetolift. It isbelievedthatthe
lower@g duetoliftcanbeattributedtolessvortexdragassociated
withthefomnationofvorticesat
tionsoftheflowoverthemodels

angleofattack.Fromvisualobserva- U

by thevapor-screentechnique,itwas
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foundthat,at leastforanglesofattackfrom0°toabout10°,the
formationofvorticeswasinhibitedmorewiththerm~oraxisofan ellip-
ticconeinlinewitha wing(modelBXWI) thanperpendicularto it
(mcdelB.WI}.

d
Vorticesappearedto separatefrom B~vWlandBLW at

lower esofattackthanfrom E&=W=.It is interestingtonotethat,
as showninthevapor-screenphotographsoffigure20(a)tobe discussed
later,thevorticesshedfrom E&#= andBIWl at a = 10°appearedtobe
morecompletelyformedandrolledup thanthosefor ~ =.

$
As shownin

figures6 and~, thedragduetoliftishigherfor BaV= andBIW= at
a . 100 thanfor B~=W=.Apparentlybecauseofbetterstreamliningin
thecrossflowplme, thevortexfomtion isinhibitedandthedragdue
toliftisreducedwtththema~oraxisofthee~ptic coneinlinewith
thewing.

ComparisonsofTheoreticalandExperimentalPressure
Distributions,Forces,andMoments

Inthissectionofthereport,theoreticalmethodsofestimatingthe
aerodynedccharacteristicsareassessedby comparisonoftheoretical
resultswithexperimentaldata.Allcomparisonsarepresentedin
figures10 through17andarediscussedinthefollowingparagraphs.

Pressuredistributionsanddragofellipticconesat zeroangleof
attack.- ForelUyticconesof a/b of3 and (BSandB4)theoretical
andexperimentalpressuredistributionsfora Machnumberof1.97are
comparedinfigure10. Thepressurecoefficientsareplottedas a func-
tionoflateraldistance,y/a,overa quadrantofeachcone.Thefact *
thattheflowwasconicalisverifiedbythemultipleexperimentalpoints
at seveml y/a positionswhichwereobtainedat differentlongitudinal
positions.Thecomparisonsshowthatbestagreementoftheorywith
expertientisobtainedthroughuseofthesecond-ofierslender-bodytheory
ofVanDyke(ref.4). Boththeslender-bodytheoryof references1 and2
andthenot-so-slender-bodytheoryofreferencek resultinpressurecoef-
ficients’whicharelowerthanthoseofexperiment.RogersandBerry
(ref.9)alsofoundtheagreementof second-orderslender-bodytheorywith
~r~nt h be quitigoodforellipticconeshavingevenhigherratios
of a/b.

A studyoftheeffectof changeinaxisratio(a/b)onthezero-lift
dragofellipticconesis sumarizedinfigure1.1.Theexperimental
resultsshowthatfortheseconesofequslvolumeandfinenessratiothe
dmg remainsessentiallyconstantwithchangeinaxisratio(a/b)atboth
Machnumbers1.97and2.94. Theboundary-layerflowoverthem~els was
mostlyturbulentas shownby thesubltitionresults(tobe discussed
later)andas indicatedby dragmeasurementswithandwithouta transition
ringat thenoseofmodelsB= andB3. As seeninfigux’e11,thezero-
liftdragisadequatelypredictedby theadditionofturbulentskinfric-
tion(ref.12)topressuredragcalculatedlysecond-orderslender-bdy
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theory(ref.
givenby the
suredragby

4). Forthecircularcone(Bl)thedragisalsoclosely
additionofturbulentskin-frictiondrag(ref.12)topres-
!kylor+facco~conetheory(ref.13). Itisnotedthatthe

increaseinskin-frictiondragwithincreasein-”a/b(becauseof greater
wettedsurfacearea)is justlargeenoughtonullifythedragsavingfrom
thedecreaseinpressuredrag.

Forcesandmomentsforellipticcones.-Theoreticalandexperimental
forceandmomentcharacteristicsforellipticconesatMachnumbers1.97
and2.94arecomparedinfigures12and13. Bothslender-bodytheory
(refs.1 and5)andlinearizedwingtheory(ref.14)havebeenusedin
computingthetheoreticalvaluesoflift,drag, andpitching-momentcoef-
ficientsshown.Incomputingthedragcoefficientat angleofattack,
thefollowingexpressionhasbeenused: .—

()WLGD=tio+~a2 (1)

where
dCL CL—=—
dam

Thisrelationshipresultsfromassumingthat ~ varieslinearilywith
a andthatthereisflowseparationalongtheleadingedgeswithcomplete
lossof suctionforce.Theoreticalvaluesof ~ havebeencomputedby
assumingdC-L/datobe givenbothby slender-lodytheoryandby linearized m

wingtheory.As discussedintheprevioussection,thedragcoefficientat
zeroangleofattack(ho)wascomputedfrom=theadditionofturbulent
skin-frictiondrag~ref.12)to,pressuredragby second-orderslender-body a

theory(ref.4). As showninfigures12and13,theagreementwithexperi-
mentoftheforceandmomentcharacteristicscomputedbymeansoflinear-
izedwingtheoryisgenemlJyquitegood,especiallyforamglesofattack
from0°toabout10°.

Infigure14 theoreticalsmdexperbentallift-curveslopesarecom-
pared.Resultsarecorrelatedby plottingtheparameteroflift-curve

slope! (%)@ asa functionoftheratioofleading-edgeslopeto

Machwaveslope~ tane. Exceptforbodies.B~andB4 at @= 90°and
Mm = 2.94,theexperimentaldataagreecloselywithlinearized(flat
plate)wingtheory.BodiesB3 (a/b= 3)and B4 (a/b= 6)bankedto
@ = 90°areverythickintheliftdirection,andat Mm= 2.94their
lift-curveslopesareconsiderablyhigherthanthosegivenby either
slender-bodyorlinearizedwingtheory.

Thenonlineari~oftheexperimentsliftandpitching-momentcurves
(figs,.12and13),whichbecome-smoreevidentat singlesofattackgreater
thanabout10°,probablyresultsfromviscouscrossflowseparation.Allen
(ref.10)hasshownthatforslenderbodiesofrevolutionanallowancefor



NA.cATN4045 u.

viscouseffectscanbe computed..Thisisdoneby addingtothelift
canputedby slender-bodyorlinearizedtheoryanadditionalcrossflow
liftattributedto theseparationeffectsofviscosity.FlsxandLawrence
(ref.15)havesuggestedthesameprocedureforlow-aspect-ratiowings,
andtheresultingexpressionforliftcoefficientis

(2)

where C& isthedragcoefficientofa two-dimensionalcylinderof
equivalentcrosssection@aced normaltoa streamat a Machnumberof
& sina. Forthee~ipticconesofthisinvestigation,theliftis
greatlyoverestbatedbytheuseofequation(2). To illustratethis
fact,theliftforthecircularcone(B) computedusingeqmtion(2)is
comparedwithexperimentinfigure12(a~.Theusualcircularcylinder
valueof C& = 1.2wasused.RogersandBerry(ref.9) intheirstudy “
ofellipticconesofhigherrattosof a/b alsofoundthatequation(2)
leadstoliftcoefficientslargerthm thosegivenbyexperiment.

Althoughtheliftandpitching-momentresultsoffigures12and13
showmoderatenonlineari~withincreasein a, thedatacanbe simply
correlatedas showninfigure15. Heretheliftsadpitching-moment
coefficientsfortheellipticconesaredividedby thecorresponding
coefficientsfortheequivalentcircularcone,andtheratiosareplotted
as a functionof a. Theresultsofthecorrelationdmonstrabthat,in
general,~/~ amd~~ remainconstanttithchangeh a. Except

fortheellipt;coneof a~b= 6 (B4)atI&chnumber2.94,theliftand
momentratiosaregivenreasonablywellby linearizedwingtheory.

Effectofaxisratio(a/’b)onmaximumlift-dragratiosofelliptic
cones.- Theeffectofsxisratio(a/b)onthemaximumlift-dragratios
ofellipticconescanbe readilycomputed.Fromequation(1)themaximum
lift-dragratiois givenby the-relation

(3)

If forconesof givenf3nenessratioit isassvmedthat ho is constsat
withchangein a/b(assuggestedfromtheresultsofthepresentexperi-
ments),thentherelativeefficiencyofan ellipticconetoa circular
coneisexpressedby therelation

/-

(L/D)M c a
(L/D)~L ‘ (cL/dBl

(4)
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Forslender-bodytheorythisratioreducesto

since

(5)

(CL = 2CL: COS
)

=9 + : sin’@

Infi~re 16,computedvaluesof (L/D)Mand(L/D)M/(L/D)% are

comparedwiththeexperimentalresultsfortheconesoffinenes~ratio
3.67. Thecomputationsweremadewithvaluesof CL givenbothby
slender-bodytheoryandlinearizedwingtheory.Since,aswasshownin
figure11,thezero-~ftdragwasalmostcons.tantwithchangein a/b,
avezageexperimenklvaluesof ~ of0.086at ~. 1.97and0.073at
I&= 2.94havebeeuusedinthecalculations.Ingeneral,theagreement
oftheorywithexperimentis good,thebestagreementbeingobtainedwith
linearizedwingtheory.Inthelower-plotoffigure16,however,the
comparisonsshowthattherelativeefficiencyofan elliptictoa circular
conecanbe closelyestimatedbymeansof slender-bodytheory(eq.(5))
formoderatevaluesof a/b(oftheorderof3 orless).

Forcesandmomentsforwingedcircularcones.-Fora slenderwing-
bodycombinationconsistingofa triangularwingmountedona circular
conesothattheirverticescoincide,the
theslender-bodymethodofSpreiter(ref.

CL
Aw

=~Aa—Ab

lift&fficient is givenby
16)as

a (6)

where

Ithasbeenshown(refs.16and17)thattheslender-bo&vmethodof
Spreitercanbe mcdifi’~soasto give&sults.comparableto~inearized
theory.Forwingedcircularconesthisisaccomplishedmerdyby multi-
plyingequation(6)by a modificationfactorX. ~s factoristheratio
oftheliftofthewingaloneby linearizedtheorytotheliftby slender-
bodytheo~andis,givenby

A=
I

A=

(7)
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By application

13

ofthefactorA to equation(6),thereisobtained

Aw
CL= $Auh-aAb (8)

Sincethecenterofpressureisat thecentroidofplan-formarea,the
pitching-momentcoefficientisgivenby therelation

(9)

In.figure17,theoreticalandexperimentalforceandmomentcharac-
teristicsofwingedcircularconesarecompared.Equations(8)and(9)
wereusedto computetheliftandpitching-momentcurves,andequations
(1)and(8)tocomputethelift-dragpolarsandratios.The&mgat zero
liftwasestimatedby theadditionofturbulentskin-frictiondrag
(ref.12)fortheentiresurfaceto.thebodypressuredrago’btq.imdby
second-orderslender-bodytheory(ref.4). Theagreementof’thecomputed
resultswiththeexperimentaldataisgoodforanglesofattackbelow
about10°. As yet,thedetailsofa methodforcomputingtheaerodynamic
characteristicsofwingedellipticconeshavenotbeenworkedout.

VisualObservationsofFlowOverModels

To supplementtheforceandmomentresultswithstudiesthataidin
givinga physicalrepresentationoftheflow,vapor-screenandsublima-
tiontestsweremadeforthemcdelsat~ch number1.97. Photo~phsand
measurementsoftheresultiqflowpatternsarepresentedinfigures18
through22. As mentionedpreviously,thevapor-screenpicturesweretaken
witha cameramountedinsidethetunnelJustdownstreamofthemdels.
Thepicturesofthemodelsfromthesubltitiontestsweretaken
immediatelyfollowlngtunnelshutdown.

Vapor-screenresults.-Inthephotographsoffigure18,baseviews
ofbodiesBl,B2,andB3 showingvorticesarepresentedfor u = 10°,
15°,and20°. Forthesepicturesthelightplaneintersectedthemdel
axisatabout x = 0.72,andpartof theflowfieldwasintheshadowof
themodel.Infigure18 a symmetricalpairofvorticesis shownabove
eachmodel.Thesevortices,whichoriginateat thenose,wereobserved
to growin size(andpresumablystrength)withtravelfromthenoseto
thebase. At eachaxisllengthposition,itwasfoundthatthesizesand
positionsof thevorticesrelativetothebdy crosssectionwerepracti-
callythesame. Infigure18 itis seenthatthesizesofthevortex
regionsincreasewithincreasein a from10°to20°. Thevortexregions
alsoflattenoutandmoveoutboardrelativeto thebodyverticalcenter
linewithincreasein a/b above1.

Thephotographsoffigures19(a)and19(b)arepresented
demonstratetheeffectofangleofbankonthevortexregions

inorderto
associated
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withellipticconesat u = l~”and20°. Forallcasesstudied,as the
modelswerebankedfrom @ = 0°to @ = -45°therightvortexregion
appearedtoflattenoutandlienearertothebodysurface.

Infigure20 picturesofvortexpatternsforthewingedconesof
aspectratio1 (B=Wl,B@=, andBWW~) areshown.Thesepictureswere
takenwiththelightplaneataboutthebaseofeachmodel.As forthe
ellipticconeswithoutwings,thevortexregionsab~vethewingedcones
increasein sizewithincreasein a from10°to15°. With a kept
constantat 15°,theright”vortexregionflattensoutandmovesnearer
to themodelsurfacewithchangein @ fromOOto -45°(fig.20(b)).
Comparisonofthesepictureswiththoseforthebodiesaloneshowsthat
theadditiontoa bodyofevenlow-aspect-ratiowingsresultsincon-
siderableoutboardanddownwardmovementoffhevortexregions;for
instance,comparethepicturesfor B= infigure18withthosefor BIWZ
infigure20. Fromtheseobservations,itappearsthatbodyvortexinter-
ferencewitha verticalfinorair-breathing-enginemountedabovea body-
canbe reducedby extendinglow-aspect-ratiowingsallthewaytothenose.

Whatisbelievedtobe secondaryvortw-flowbelowandoutboardof
themainvortexregionsisindicatedinsomeofthephotographsofthe
modelsat u = 200. ThisisespeciallyevidentformcxlelB#= at
a= 200infigure20(a).Thissecondaryvortexflowalsohasbeen
observedfordeltawingsat supersonicspeedsbyDrouggeandLarson
(ref.18).

Sublimationtechniqueresults.-Transitim,separation,andvortex
regionsformodelsBl,B2,andB~ areshowninthephotographsoffig-
ure21. Top,side,andbottomviewsforthemodelsatanangleofattack
of15°arepresented.As seeninthebottomviews,thebounda~-layer
flowoverthemodelswasmostlyturbulent,thelsminarregionbeing
limitedtothewhiteareanearthenose. Inthesideviewsa lineindi-
catingflowsepamtionis shownforeachmodel,andinthetopviews
symmetricalvortextracesarevisible.Althoughnotclearlyevidentin
thepictures,theseparationlinesandvortextracesextendedalmost
linearlyfromthenosetothebaseofeachmodel.Measurementsofthe
symmetricalseparationandvortexpositionsat thebaseofallofthebody
modelsof Z/d= 3.67weretaken.Infigure22 theseparationandvortex
positionsareplottedasa functionof a/b. Itis seenthatfor
a/b= 1.5withthemcdelbanked~“ sothattheminorsxisishorizontal,
theseparationlinesandvortextracesareclosetogetherandnearthe
topofthebody.Withthemodelunbanked(@= 0°)sothatthenmjoraxis
ishorizontal,theseparationandvortexpositionsarefartherapartand
nearerthesidesofthebody. Forunbankedconeswith a/b greaterthan
3,theflowseparationpositionsareessentiallyatthesidesofthebody,
andthevortextracesareaboutmidwaybetweenthesidesandthetop.

.—

❑

a
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CONCLUSIONS

Aero@cna@ccharacteristicsofellipticconesaloneandwithtriangu-
larwingshavebeenmeasuredforMachnumbers1.97and2.94at a Reynolds
numberof 8x108,basedon modellength.Coneshavingfinenessratios(l/d)
of 3.67and5 andcross-sectionalsxisratios(a/b)from1 through6 have
beenconsideredfor-es ofbaakof0°sad90°. Inaddition,a study
hasbeenmsiLeof conesof Z/d of 3.67and a/b of1 smd3 in combina-
tionwithwingsofaspectmtio 1 and1.5. An malysisoftheresults
hasledto thefollowingconclusions:

1. Pressuredistributionsoverellipticconesat zeroincidencecan
be computedreasonablywellby meansofVan~kefs second-orderslender-
bodytheory.

2. Fora coneof givenfinenessratioat zerolift,thepressure
dragdecreaseswithincreasein cross-sectionalaxisratioa/b. However,
witha turbulentboundarylayer,theskinfrictionincreasesenoughthat
thepressureplusskin-frictiondragremainspracticallyconstantwith
increasein a/b. me fored?nzgcanbe computedaccuratelyby theaddition
oftheoreticalskin-frictiondragtopressuredragpredictedby second-
orderslender-bodytheory.

* 3* Withthemajorcross-sectionalaxishorizontal,increasesinaxis
ratioa/b resultinlargegainsinliftand.lift-dragratio.Thesegains
canbe computedreasonablywellby theuseoflinearizedwingtheory.

b
4. Fora givencross-sestionalaxisratioa/bjthelift-dragratio

increaseswithincreaseinequivalentfinenessratio.

5. Forwing-bcdycombinations,a bodywitham ellipticcrosssection
insteadofa circularcrosssectionappearsaerodynmitallyadvantageous.
Withtriangularwings(aspectratio= 1, 1.5)mountedon cones(2/d= 3.67)
sothattheirverticescoincide,higherlift-dragratiosresultfroman
ellipticcrosssectionwithmajoraxisinlinewiththewingsthanfroma
circularcrosssection.However,a decreaseinlift-dragratioresults
fromanellipticcrosssectionwiththeminorsxisinlinewiththeting.

6. Fortheconesaloneandwithtriangularwings,shiftsincenter
ofpressurewithchangesinangleofattackandMachnumberareverysmall.

7. Forwingedcircularcones,thetheoreticalresultsofNACA
Rep.962canbe modifiedto givegoodagreementwithexperimentalresults
foranglesofattackbelowabout10°.

* 8. Visuslboundary-layerflowstudiesindicatithat,forunbanked
ellipticconesatangleofattack,a pairof symmetricalvorticesstart
at thenoseandtracea linearpathto thebase. Thesevorticesincrease.
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